Diatoms often dominate temperate lakes and rivers in spring, when increasing temperature and daylength coincide with decreasing silicate concentrations. Since interactions between these factors may be important, we cultivated Stephanodiscus minutulus and Nitzschia acicularis (freshwater diatoms) under silicon limitation at different temperatures and photoperiods in continuous and batch culture. The Monod parameters of Si-limited growth indicated that S. minutulus should be superior under Si limitation. The type of interaction between silicate, temperature and photoperiod differed between species and indicated that the advantage of S. minutulus increases under low temperatures and photoperiods. Competition experiments in semicontinuous culture confirmed these predictions and were described accurately with a model of factor interactions. Multiple regression analysis of field data from a shallow eutrophic lake showed that dissolved silicate (DSi), temperature, photoperiod and total phosphorus (TP) were the most important predictors of spring centric diatom biovolume, where lower temperatures and photoperiods favour this group and higher biovolumes coincide with DSi depletion and higher TP. Pennate diatoms depended more on light, winter population size and grazer abundance. Conditions in situ suggested that factor interactions play a role during spring under strong Si limitation. We propose that the type of interaction reflects specific niche adaptation. Understanding interactions between physical factors and nutrients will increase our understanding of phytoplankton diversity and predictive accuracy of phytoplankton dynamics including combined effects of climate and trophic change.
I N T RO D U C T I O N
Silicon limitation can play an important role in phytoplankton dynamics, and is likely to become more important in a warmer climate (Schindler et al., 1996; Schindler, 2006) . Silicon can become growth limiting particularly during spring diatom blooms at low Si:P ratios in eutrophic lakes (Reynolds, 2006) . In turn, this can influence the potential succession by cyanobacteria , with consequences for zooplankton development and the clear water phase. Rapidly increasing temperature and light concurrent with depletion of nutrients during spring means that there is a transition of growth control from temperature and light to nutrients and grazing (Sommer et al., 1986 (Sommer et al., , 2012 . Interactions between physical factors and nutrients may influence phytoplankton dynamics and species structure during this period. For example, combined with warming, several studies indicate that low initial Si concentrations in lakes advance the spring diatom peak, whereas low initial P concentrations delay it, and that different species are affected in different ways (Huber et al., 2008; Thackeray et al., 2008; Meis et al., 2009; Feuchtmayr et al., 2012; ) . In another instance, cooler spring water temperatures favoured centric diatoms over pennate forms, but an increase in Si:P and the photoperiod altered this balance . Knowledge of the species-specific interactions between phytoplankton growth factors, in particular the effects of physical factors on nutrient limited growth kinetics, should help to better understand these phenomena.
The effect of temperature on silicon limited growth kinetics has been investigated with somewhat varying results, with some studies suggesting that the halfsaturation constant of silicon limited growth (K) decreased with increasing temperature (Paasche, 1975) , increased with increasing temperature (Mechling and Kilham, 1982) or was relatively independent of temperature (Tilman et al., 1981) . In addition to temperature, the photoperiod plays an important role in spring phytoplankton dynamics Shatwell et al., 2008) and was shown to influence nutrient competition among marine phytoplankton along a Si:N gradient (Sommer, 1994) . The photoperiod may also influence silicon uptake, particularly when growth is synchronized through light/dark cycles (Chisholm et al., 1978) since silicon metabolism is closely coupled to the cell cycle (Brzezinski et al., 1990) , although this effect appears to be variable and species specific . Whereas these studies on photoperiod effects focused on silicon uptake in marine diatoms, we found no studies that investigated the influence of the photoperiod on the kinetics of silicon limited growth.
The overall picture on the interactions of temperature and photoperiod with silicon limited growth seems inconclusive. Therefore, we investigated the influence of temperature and photoperiod on the growth of the freshwater spring diatom Stephanodiscus minutulus under silicon limitation at light saturation in continuous culture. We also performed some batch culture experiments with the spring diatom Nitzschia acicularis and competition experiments with both species at different temperatures under silicon limitation. Because the relationship between phytoplankton growth rate and photoperiod is nonlinear (Paasche, 1968; Foy et al., 1976; Gibson and Foy, 1983; Thompson, 1999; Nicklisch et al., 2008; Shatwell et al., 2012) , growth rates at different photoperiods are only comparable in experiments if the total daily light exposure (LE, mol PAR m 22 day
21
) is held constant. Therefore, we varied the irradiance (I, mmol PAR m 22 s
) in experimental photoperiod treatments to maintain constant LE. To help interpret the experimental results, we further analysed long-term phytoplankton data during spring from a temperate, eutrophic lake from 1979 -2004, with intermittent periods of low Si:P (Köhler et al., 2005) when silicon is potentially limiting for diatoms . The timing and duration of the spring bloom can vary considerably depending on the climatic and in situ conditions (Winder and Schindler, 2004; Berger et al., 2007 Berger et al., , 2010 . Therefore, in the statistical analyses, we defined spring not according to the calendar, but according to the physical and biological events that influence the timing of the spring bloom, such as ice-thaw and mixing or the clear water phase. Thus, the phytoplankton biomass and community structure could be statistically related to the actual conditions that prevailed during growth . The aim of our study was to characterize the interactions of the photoperiod and temperature with silicon limited growth of these spring diatoms and determine how photoperiod and temperature influence their competitive ability under silicon limitation. We hypothesize that these interactions should differentiate the niches of the diatoms we tested.
M E T H O D Algal strains
Growth rates were determined under laboratory conditions for Stephanodiscus minutulus (Kütz.) Cleve and Möller (Bacillariophyceae), strain Mue0511A6, isolated in 2005 by Nicklisch, and Nitzschia acicularis W. Smith (Bacillariophyceae), strain Mue070319C1, isolated by Nicklisch in 2007. Both strains were isolated from Lake Müggelsee (Berlin) and were initially axenic, but bacteria were detected usually within 1 to 2 weeks after inoculation into the chemostat and after a longer period or not at all in batch and semi-continuous cultures.
Algae cultivation
Algae were cultivated in FW04 medium, a fully synthetic freshwater nutrient solution according to Nicklisch et al. (Nicklisch et al., 2008) with an ionic-composition similar to the water of Lake Müggelsee, supplemented with a trace element solution according to Nicklisch (Nicklisch, 1999) and a vitamin solution according to Guillard and Lorenzen (Guillard and Lorenzen, 1972) 21 (keeping all other nutrients constant) decreased the steady-state biovolume by approximately half, while the residual Si concentration in the medium remained the same. Si was growth limiting in batch culture experiments with N. acicularis because biomass ceased to increase when Si became depleted, as determined by monitoring concentrations and biomass until stationary phase. In Si-limited continuous culture experiments, three chemostats (boro-silicate glass) of volume 200, 400 and 600 mL were used. Fresh medium was added at a constant dilution rate using peristaltic pumps (Gilson Minipuls 3, Wisconsin, USA). It was assumed that leaching of silicate from the glass chemostats was negligible compared with the inflow of silicon in the medium (3-30 mmol Si day
21
). The dilution rate was monitored by collecting the overflow in a flask on a laboratory balance and automatically recording the weight every 30 min. The cultures were mixed and aerated by bubbling with air at approximately 2 L min
, which was previously passed through deionized water and two sterile inline air filters (Sartorius 0.2 mm pore size). Contamination of the stock nutrient solution by algae and bacteria was prevented by the positive air pressure gradient, a bacteria trap and the pump. Any wall-growth inside the chemostats, which was not visibly evident during the experiments, was minimized by scraping the inside walls each day using a magnet and magnetic rod inside the chemostat. Areas of low turbulence in the chemostat as well as tubing were covered with light-impermeable foil to further minimize wall growth. Chemostats were fitted with a water jacket and cooled to the desired temperature using a circulating refrigerated bath. The volume of the chemostats at equilibrium with the air supply was previously measured both volumetrically and by weight.
Batch cultures for growth experiments with N. acicularis under silicon limitation were grown in 1 L polycarbonate flasks with 300 mL suspension. Semi-continuous cultures for competition experiments with S. minutulus and N. acicularis were grown in 300 mL Erlenmeyer flasks with 100 mL suspension in FW04 medium with 60 mmol Si L
. Batch cultures and semi-continuous cultures were maintained on an orbital shaker (50-60 rpm) in a climate chamber (+0.5 8C). Cultures were illuminated with fluorescent tubes of light colour "warm white", "neutral white" and "daylight" for chemostat experiments and "Biolux" and "warm white" (Osram, Munich, Germany) at a ratio of 1:1 for other experiments. The scalar photon flux density of the photosynthetically available radiation (PAR in mmol quanta m 22 s
) was measured using a spherical sensor (QSL-101, Biospherical Instruments, California, USA). The daily LE was calculated as the sum of the irradiance over the photoperiod and was set to 4.0-4.6 mol PAR m 22 day 21 in experiments (Table I ). These LEs were saturating for all experiments as determined from growth-irradiance curves previously measured for these species at the experimental temperatures and photoperiods (Kohl and Giersdorf, 1991; Nicklisch et al., 2008; Shatwell et al., 2012; , submitted for publication).
Growth rate experiments in continuous culture
Stephanodiscus minutulus was grown in continuous chemostat culture under silicon limitation at 5, 10, 15 and 208C with a photoperiod of 12 h day 21 to investigate temperature interactions, and under photoperiods of 6, 9 and 12 h day 21 at 158C to investigate the photoperiod interactions. First, nutrient replete cultures, which had been acclimated to the experimental temperature and photoperiod in semi-continuous culture for at least 1 week, were diluted with Si-free medium in such a proportion to achieve a final concentration of 60 mmol Si L 21 before being introduced into the chemostats under sterile conditions. The algae were then further cultivated with a nutrient solution containing 60 mmol Si L 21 at a constant dilution rate (0.2 -0.9 day 21 ) until cultures reached steady state (generally 1 week) as determined by turbidity measurements at 880 nm using a sterilized turbidity meter with 1 cm path length at 30 min intervals (Walz et al., 1997) , as well as daily measurements of absorbance at 436 nm, chlorophyll fluorescence (F o ) and variable fluorescence (F v ) as described below (Shatwell et al., 2012) . At steady state, the specific growth rate was equal to the dilution rate and biomass was constant at the same measurement time each day and the specific growth rates are not only biomass-specific but also C-or Chl a-specific. Once cultures had thus reached steady state, samples were taken at the same time each day in the middle of the light period for 1 week (4 -5 samples per dilution rate) for determination of DSi concentration, cell counts with a cell counter (CASY, Modell TTC, Schärfe System, Germany), biomass and growth rates. Here, the biomass was determined by photometry at a wavelength of 436 nm (5 cm cuvette, Shimadzu photometer type UV-2401 PC). In parallel, F o and F v were measured using a Xenon-PAM Fluorometer (Heinz Walz GmbH, Effeltrich, Germany) after dark adaptation for at least 20 min. F o is closely correlated to chlorophyll a content and F v , which is the increase in fluorescence above F o after a light saturation pulse (Kautsky effect), is closely related to total photosystem II activity. The chlorophyll and variable fluorescence were used to monitor the condition of the cultures and also as surrogates for biomass (X). More details are given in Shatwell et al. (Shatwell et al., 2012) . Specific growth rates (m) were thus calculated separately using the change in absorbance at 436 nm, F o and F v , and the dilution rate (D) as follows:
where X 0 is the initial biomass and X 1 is the biomass after time Dt. The growth rates calculated using absorbance at 436 nm, F o and F v are equal when the culture is in quasi-steady state and were averaged to find the overall mean.
Growth rate experiments in batch culture
Nitzschia acicularis failed to grow in chemostats, presumably due to the increased turbulence from aeration, and was therefore grown in batch culture under silicon limited and silicon replete conditions at 10 and 158C under a 12 h day 21 photoperiod and also under a 9 h day 21 photoperiod at 158C. Light was saturating for all experiments. Batch cultures of N. acicularis were inoculated to a concentration of 300 cells mL 21 from stock cultures maintained semi-continuously in FW04 medium with 60 mmol Si L 21 at a dilution rate of 0.2 day 21 which had been previously adapted for at least 2 weeks to the required temperature, light and photoperiod for the subsequent experiments. Silicon concentrations were measured at the start and at the end of batch culture experiments after 5 days and also once or twice in between. Cell numbers and volume were monitored during experiments at the same time each day in the middle of the photoperiod with a cell counter (CASY, Modell TTC, Schärfe System, Germany). After experiments, cultures were allowed to grow to stationary phase and silicon concentrations continued to be monitored until the stationary phased was reached to determine the minimum concentration required for growth. Silicon concentrations did not decrease by more than 10% during batch growth experiments except under 158C/12 h day
21
, where some concentrations decreased by up to 70%. However, this decrease probably occurred on the last day of the experiment and did not visibly affect the growth rates, which were measured daily, until after the experiment when Si was completely depleted. Growth rates were determined from the increase in cell number and also the increase in biovolume and the mean was taken.
Silicate determination
To determine DSi concentrations, samples were filtered on 2.0 mm polycarbonate membranes (Whatman, 25 mm diameter) immediately after being taken and the filtrate was stored in plastic containers, which had been pre-rinsed with a Si-reagent solution and double-distilled water, at 48C in the dark until further testing. Silicate concentrations of the sample filtrates were measured using a modified silicomolybdate method according to DEV (DEV, 2007) which was accurate to within 0.05 mmol Si L 21 according to our own measurements. Samples were analysed at 810 nm (Shimadzu photometer type UV-2401 PC) using a 5 cm cuvette for concentrations up to 7 mmol Si L 21 and a 1 cm cuvette for higher concentrations. The silicon content of cells was determined as the difference in silicon concentration in the fresh medium and in the culture divided by the number of cells or biovolume.
Competition experiments
Competition experiments between S. minutulus and N. acicularis were performed in semi-continuous culture under silicon limitation in duplicate at 10, 15 and 208C under a photoperiod of 12 h day 21 . Unialgal inoculum cultures were acclimated to the experimental conditions by cultivating them under Si-limitation with FW04 medium at 60 mmol Si L 21 for at least 1 week at the same temperature, photoperiod, irradiance and dilution rate required for the subsequent experiments. During this time, cultures were diluted and sampled daily and absorbance at 436 nm as well as F o and F v were monitored as described above to ensure the cultures had reached steady state. When the unialgal cultures had reached steady state, they were mixed in equal proportions by volume and further cultivated semi-continuously. The dilution rates applied were 0.4 day 21 at 108C and 0.5 day 21 at 15 and 208C. The daily LE (PAR) was saturating or near saturating at 5.2, 5.8 and 3.0 mol m 22 day 21 at 10, 15 and 208C, respectively. During the competition experiments, 10 mL samples were removed every day before dilution and immediately fixed at 1:100 with glutaraldehyde solution (25% for electron microscopy, Merck, Darmstadt Germany) and stored at 48C in the dark until counting. The proportions of cells of each species were counted by microscope (Â200-Â400). At least 400 cells were counted from each sample.
Lake data
Lake Müggelsee is a shallow (mean depth 4.9 m) polymictic lake in Berlin (Germany, 52.448N 13.658E), with a surface area of 7.3 km 2 , a catchment area of 7000 km 2 and a theoretical mean retention time of about 6 -8 weeks (Köhler et al., 2005) . The lake analysis is described in detail in Nicklisch et al. and Shatwell et al. (Shatwell et al., 2008) . Global radiation, the underwater light attenuation of the scalar photosynthetically available radiation and the temperature were measured daily at a station close to the north shore (Köhler et al. 2005) . The euphotic depth (z eu ) was calculated as the depth where the radiation reaches 0.8% of net surface radiation (I 0 0 ) (Reynolds, 1984) . The length of the effective photoperiod was calculated as the length of the solar day multiplied by the ratio of the volume of the euphotic zone to the volume of the whole lake (Foy et al., 1976; Nicklisch et al., 2008) . The mean LE was calculated by integrating the exponentially decreasing irradiance (PAR) over the mixed depth according to the BeerLambert law, and then dividing it by the mixed depth . Samples were taken weekly and the sampling procedure is described in Shatwell et al. . Phytoplankton samples were fixed with Lugol's solution and analysed using an inverted microscope to obtain biovolumes of individual species or algal groups. Concentrations of dissolved reactive silicon (DRSi) and total phosphorus (TP) were analysed by standard methods (DEV, 2007) .
Statistics, curve fitting and model simulations
Experimental treatments were compared by fitting the Monod model [equation (2)] to the specific growth rates (m):
S is the dissolved silicon concentration in the culture, S 0 is the minimum silicon concentration for growth, K is the half-saturation coefficient and m m is the nutrient replete growth rate. Here S 0 is defined as the x-axis intercept when Si-limited growth rates are plotted against Si concentration, and was determined by fitting equation (2) to the measured data (Paasche, 1973) . To improve the accuracy of the estimates of S 0 , several cultures were allowed to grow to stationary phase in each growth experiment, and then the residual silica concentration in the filtered medium was measured. These measurements at stationary phase were then included in model fitting.
The effects of temperature and photoperiod were investigated using the nonlinear regression approach described by Bates and Watts (Bates and Watts, 1988) . In short, the Monod model [equation (2)] was first fitted to the whole data set with all temperature or photoperiod treatments. Next a more complex nonlinear model, in which the Monod parameters (K, S 0 , and/or the initial slope) were allowed to vary linearly with temperature or photoperiod, was fitted to the same data set. Then the simple and complex models were compared using ANOVA to determine whether the temperature or photoperiod dependence significantly improved the overall model fit. In this way, we inferred whether temperature or photoperiod significantly affected Si-limited growth. Over-fitting was avoided by preselecting the parameters likely to vary with temperature or photoperiod by inspecting their t-values in preliminary fits. Model fits were checked by inspecting residuals versus fitted plots and normal quantile-quantile plots. Competition experiments were analysed by simulating the growth of the two species in semi-continuous culture. The simulation was run in steps from one dilution to the next. Between dilutions cultures grew as in a batch culture, such that
where Q is the cellular silicon content and subscript i refers to species i. The specific growth rate is given by equation (2) with the parameters in Table II . At each dilution in the simulation, a certain amount of the mixed biomass is removed and fresh medium is added such that
where X i * and S* denote the new biomass and silicon concentration, respectively, directly after dilution, S m is the silicon concentration in the fresh medium, and f is the dilution factor, determined from the dilution rate D.
Lake data were analysed by multiple linear regression. Dependent variables were biovolumes of centric diatoms, pennate diatoms and total diatoms and the independent variables were water temperature, effective photoperiod, dissolved silicate concentration, global radiation, mean LE in the mixed layer, Julian day of the spring diatom peak, start concentrations of centric and pennate diatoms measured in mid-winter (end of January) and cladoceran abundance. The interactions of these variables with DSi and TP were also checked. For all variables except spring peak timing and the diatom start concentrations, means were taken over the spring growth period defined according to physical and biological parameters as described in Shatwell et al. and not according to the calendar. In summary, we defined spring as starting when the water temperature reached 38C (generally coinciding with ice-thaw) and ending at the first cladoceran peak (generally coinciding with the clear water phase).
The most important predictors were selected in a stepwise procedure (based on probabilities) and model residuals were checked against fitted values and predictors. Normal quantile -quantile plots were examined to check for non-normality or heteroscedasticity. All statistical analyses, curve fitting and model simulations were performed using R (version 3.0.0, R Core Team, 2013). The R packages deSolve and FME were used for dynamic simulations.
R E S U LT S Chemostat experiments
Interactions of photoperiod and temperature with silicon limited growth were investigated with S. minutulus in continuous chemostat culture. Nitzschia acicularis failed to grow in the chemostat, presumably due to turbulence from aeration, so experiments with this species were only performed under some selected conditions in batch culture as described below. Nutrient replete growth rates (m m ) for S. minutulus were taken from previous studies using the same strains cultivated in the same lab (Shatwell et al., 2012; , submitted for publication), except for the experiment at 58C (Table I) , where nutrient replete growth was measured in turbidostat mode. Therefore, the asymptotic maximum growth rate (m m ) in the Monod equation [equation (2)] was not fitted to the data but set to these measured nutrient replete rates. The nutrient replete growth rates increased with increasing temperature and photoperiod as expected and agreed very well with the model of Nicklisch et al. . The transition from nutrient saturated growth to nutrient limitation was quite abrupt, and growth was only substantially silicon limited at concentrations below 1 mmol L 21 (Fig. 1) , also evident from the halfsaturation constants, K (Table I ). There was no relationship between cellular silicon content and dilution rate.
Comparing the fitted Monod model parameters showed that there was no temperature dependence in the minimum silicon concentration for growth, S 0 (P ¼ 0.19, Fig. 2 ), although there were some significant differences in S 0 at 10 and 158C. The apparent half saturation constant K þ S 0 increased significantly with temperature (P ¼ 0.04), as did K itself. The initial slope of the Monod curve (m m /K) did not change significantly with temperature (P ¼ 0.54). S 0 was significantly higher at 9 h day 21 photoperiod (P , 0.001) than at 6 or 12 h day 21 photoperiod, which did not differ significantly. Overall S 0 did not depend on photoperiod (P ¼ 0.34) but K decreased significantly with increasing photoperiod (P ¼ 0.01) according to model fits with all photoperiod treatments. There was a significant increasing trend of the initial Table I. slope with increasing photoperiod (P ¼ 0.01, Fig. 2d) . However, the initial slope at 6 and 9 h day 21 (at 158C) in Fig. 2d was very similar to the initial slope at 5, 10 and 208C (at 12 h day 21 ) in Fig. 2c , so it might be reasonable to assume that the initial slope is relatively constant for this species.
Batch experiments
Batch experiments were performed with N. acicularis under silicon limitation at 10 and 158C at 12 h day 21 and at a photoperiod of 9 h day 21 at 158C (Fig. 3) . The maximum specific growth rates obtained by fitting the Monod model agreed well with the model of Nicklisch et al. , except at 9 h day photoperiod, left panels) and photoperiod (at 158C, right panels) for S. minutulus. Error bars show the 95% confidence intervals of the parameter estimates (n ranges from 7 to 20 for each curve, see Fig. 1 ). Maximum growth rates were not fitted. Table I. somewhat higher than S. minutulus. Whereas S 0 was significantly lower for N. acicularis than for S. minutulus at 158C (P , 0.0001), K was significantly higher (P ¼ 0.0001, Table I ). This was not the case at 108C, where K and S 0 were both significantly higher for N. acicularis than for S. minutulus (P 0.01).
For N. acicularis, there was no significant difference in K between 10 and 158C (P ¼ 0.39) but S 0 was higher at 10 than at 158C (P , 0.0001, Table I ). Comparing photoperiod treatments at 158C showed that neither K nor S 0 differed between 9 and 12 h day 21 photoperiod treatments (P ¼ 0.57 and P ¼ 0.34, respectively).
The silicon content of silicon limited cells of N. acicularis increased with increasing growth rate and this also applied when the cultures were grown to stationary phase: cells that were exposed to higher start concentrations had a higher silicon content when this nutrient was depleted.
Model of factor interactions
To investigate interactions of temperature and photoperiod with silicon limited growth, we coupled the Monod model of Si-limited growth to the model of Nicklisch et al. , which describes the nutrient replete growth rates (m m ) of S. minutulus and N. acicularis, accounting for co-limitation of temperature, photoperiod and LE. For S. minutulus, K was dependent on temperature and may also have been dependent on the photoperiod. Alternatively, since K increased with temperature in parallel with m m , the initial slope seemed to be constant over most temperatures and photoperiods, with the exception of an increase at 158C/12 h day 21 , and was adopted as a model parameter in the Monod equation (2) by substituting K ¼ m m /a (Table I ). For N. acicularis, the interactions under silicon limitation can be described by the Monod model with constant K, since this parameter was not affected by temperature or photoperiod over the range tested. S 0 was higher at 108C than at 158C, but there were insufficient data to characterize a possible temperature dependency, thus S 0 was also assumed to be a model constant.
Thus the complete coupled model, summarized in Table II , accounts for the interactions of temperature and photoperiod with silicon limited and nutrient replete growth, and was used to generate interaction diagrams (Fig. 4) after Tilman (Tilman, 1982) . Interactions between growth factors are evident as curved regions in the growth isoclines and indicate co-limitation of the two factors. There were only narrow ranges of interaction between silicon and the physical factors for S. minutulus at moderate to low growth rates as evident from a relatively sharp "L-shaped" curve (tending to Liebig's Minimum Law), whereas the interaction ranges were slightly broader and more curved for N. acicularis (Fig. 4) . The interaction ranges broadened for both species at higher growth rates, but nevertheless suggest that silicon co-limitation does not occur at concentrations above about 10-15 mmol L 21 for these species. The model suggests that S. minutulus is generally more competitive than N. acicularis under Si limitation, but N. acicularis can coexist at temperatures above 158C and photoperiods longer than 10 h day 21 under strong silicon limitation (m , 0.4 day 21 ). Also, at higher Si concentrations and slight Si limitation (m . 0.7 day 21 ), the difference between the two species becomes smaller (Fig. 4) . The reason is that N. acicularis has a higher maximum specific growth rate above 12-138C.
Competition experiments in semi-continuous culture
Competition experiments with S. minutulus and N. acicularis under silicon limitation were performed in semicontinuous culture to investigate the effect of temperature (Tilman, 1982) is the Si concentration that supports the given growth rate at equilibrium (see text). The isoclines were calculated with the model described in Table II. on competitive ability and test the model predictions described above. In these experiments, S. minutulus displaced N. acicularis at 10 and 158C and both species coexisted for the duration of the experiment at 208C (Fig. 5) . The competitive superiority of S. minutulus decreased with increasing temperature, so that N. acicularis was displaced more slowly at 15 than at 108C. At 208C, it is remarkable that N. acicularis was not displaced when cultures were diluted daily but was outcompeted under the stronger dilution at intervals of 2 or 3 days (Fig. 5c) . The stronger dilution increases the Si-concentration above limiting values and N. acicularis should then profit since it has a higher m m . However, this was not the case, which indicates that S. minutulus has a higher uptake rate and perhaps can store some Si. Obviously, under such conditions, uptake and growth are uncoupled and the Monod model cannot describe the behaviour correctly.
Therefore, we simulated the growth of S. minutulus and N. acicularis in competition experiments with the silicate concentration in the medium decreased from 60 to 15 mmol Si L 21 and the initial biomass concentration reduced proportionately. At these concentrations, growth in situ is typically Si limited and biovolumes are close to naturally occurring concentrations below 100 mm 3 L
21
. Furthermore, the simulation very closely matched the observed dynamics of the competition experiments (Fig. 5) .
The competition results agreed with the model predictions described above, in particular that S. minutulus is the stronger competitor under Si-limitation, and that the competitive ability of N. acicularis relative to S. minutulus should increase with increasing temperature. According to Tilman (Tilman, 1982) , R* is the limiting resource concentration at which the growth rate of a particular species just balances its loss rate at equilibrium (cf. isoclines in Fig. 4) . The lower the value, the more competitive the species is for that resource. R* values calculated for the experimental conditions in competition experiments were quite constant with temperature at 0.82, 0.88 and 0.85 mmol L 21 for S. minutulus at 10, 15 and 208C, respectively, but decreased with temperature for N. acicularis, with values of 2.63, 1.80 and 1.41 mmol L 21 at 10, 15 and 208C, respectively.
Interactions in situ
To determine whether the interactions are meaningful in situ, we examined data from a eutrophic temperate lake as an example (Lake Müggelsee, Berlin). Silicon was potentially a limiting nutrient in the lake during a period of high P-loading before it returned to a eutrophic state in 1997 after a reduction in P-loading (Köhler et al., 2005) . During the spring diatom blooms in years when silicate was likely to be growth limiting, silicate concentrations fell below 15 mmol L 21 on average for 6 weeks and below 5 mmol L 21 for 2.9 weeks. During periods when silicate levels were below 15 mmol L
21
, the mean temperature in the lake was 10.1 + 3.38C (mean + SD), the mean effective photoperiod was 6.4 + 1.2 h day 21 and the mean daily LE in the mixed layer was 2.9 + 1.0 mol PAR m 22 day 21 . An interaction diagram drawn for these conditions showed that S. minutulus could achieve higher growth rates than N. acicularis and is likely to be silicon limited only below about 2 mmol L 21 (Fig. 6 ). By comparison, N. acicularis is likely to be affected by silicon limitation below 5 -10 mmol L
. A multiple linear regression analysis on the field data from Lake Müggelsee revealed that the mean spring biomass of centric diatoms (X cen in mm 3 L 21 ) could be best described as a function of mean silicate concentration (DSi in mmol L
, P , 0.001), mean water temperature (T in 8C, P , 0.001), mean effective photoperiod (LP in h day
, P ¼ 0.006) and mean TP concentration (TP in mg L
, P ¼ 0.02) according to:
Equation (5) (R 2 ¼ 0.83, n ¼ 25, P , 0.000001) shows that centric diatoms in the lake, which are dominated by Stephanodiscus neoastraea, are favoured by low DSi, low temperature, short effective photoperiods and high phosphorus concentrations. The interaction terms of the physical factors (T, LP) with the nutrients (DSi, TP) as well as other variables such as mean LE, starting population size and grazer (cladoceran) abundance did not significantly improve the model and were dropped. The biomass of pennate diatoms (X pen in mm 3 L
), of which the dominant form is Synedra acus, could be described in terms of the mean underwater LE (in mol m 22 day
), the starting population size (startpop in mm 3 L
), the cladoceran abundance (G in ind. Â 10 3 L 21 ), T and LP by the following model:
where the pennate diatom biomass increases with lower temperature, shorter effective photoperiods, higher underwater irradiance, larger start populations and more abundant grazers. Other variables and the interactions tested did not significantly improve the model. The biomass of total diatoms (X dia ) depended significantly on the physical factors and silicate:
where low temperatures, short photoperiods, low silicate concentrations and high LEs favour higher diatom concentrations.
D I S C U S S I O N
Our results showed that temperature influenced silicon limited growth of S. minutulus and N. acicularis in a speciesspecific way and altered the outcome of competition under silicon limitation. The effect of photoperiod was more difficult to characterize but seemed to have a similar effect as temperature for each species. Thus the initial slope of the Monod curve was constant for S. minutulus, whereas in N. acicularis the half-saturation coefficient appeared to be constant. We incorporated the speciesspecific interactions of temperature and photoperiod with silicon limitation into an existing model, which quantitatively predicted the outcome of competition experiments at 10, 15 and 208C with relative accuracy and successfully predicted the dominance of S. minutulus at low temperatures and coexistence at higher temperatures. We demonstrated that these interactions can play a role in situ during the spring diatom bloom of a lake, explaining the contribution of species-specific interactions to the success of centric diatoms under silicon limitation. Thus, our hypothesis that interactions of temperature and photoperiod with silicon limited growth contribute to niche differentiation can be confirmed with respect to temperature.
Stephanodiscus is recognized as being probably the most competitive genus under silicon limitation among the freshwater diatoms (Kilham, 1971; Mechling and Kilham, 1982; Sommer, 1985; Kilham et al., 1986; Van Donk and Kilham, 1990) . Accordingly, we measured very low K values for Stephanodiscus minutulus in chemostat cultures, which are similar to those measured by Mechling and Kilham (Mechling and Kilham, 1982) for Stephanodiscus minutus (0.31-1.03 mmol L 21 in batch culture) and slightly higher than those found by van Donk and Kilham (Van Donk and Kilham, 1990) for Stephanodiscus hantzschii (0.19-0.47 mmol L
21
). The K value we measured for S. minutulus at a photoperiod of 9 h day 21 (1.47 mmol L 21 ) thus seems unusually high and should be treated with caution. Nitzschia acicularis on the other hand is adapted to Interaction diagram for temperature and silicon concentrations under mean conditions during spring silicon limitation in Lake Müggelsee ( photoperiod ¼ 6.4 h day 21 ; light exposure ¼ 2.9 mol PAR m 22 day 21 ). Growth isoclines were calculated with the model in Table II. higher Si:P ratios (Sommer, 1985; Kilham et al., 1986) , supporting our finding of higher K values for this species, which are at the lower end of typical K values measured for other pennate diatoms Kilham, 1984 and references therein; Van Donk and Kilham, 1990 ).
Temperature and photoperiod effects
Our results indicate that there was a tendency for K to increase with temperature for S. minutulus roughly in parallel with m m , so that a constant initial slope m m /K described the temperature interactions significantly better than a constant K when the model was fitted to the whole data set. The K values measured by Tilman et al. (Tilman et al., 1981) for Asterionella formosa seemed to increase with temperature but these authors concluded that a temperature dependence was unlikely at temperatures below optimal. Overall increases in K with temperature were also observed by Mechling and Kilham (Mechling and Kilham, 1982) and van Donk and Kilham (Van Donk and Kilham, 1990) . A constant initial slope was also observed in a cold-adapted ( psychrophyllic) marine diatom (Stapleford and Smith, 1996) . Kilham (Kilham, 1984) found that temperature did not affect K for Stephanodiscus minutus or Synedra acus, which, on the other hand, agrees with our observation that temperature (but also photoperiod) did not influence K for N. acicularis, granted that we only measured two different temperatures and photoperiods for this species.
The literature available on the influence of the photoperiod on silicon limited growth is limited. In a study on marine species, daylength influenced the outcome of competition between diatoms along a Si:N gradient (Sommer, 1994) , which seems to indicate some sort of interactive effect of the photoperiod. Silicon metabolism is independent of photosynthesis and tightly coupled to the cell cycle in many species (Brzezinski, 1992; Martin-Jézéquel et al., 2000) . Thus the photoperiod may have an effect on silicon limited growth under phased growth (Chisholm et al., 1978) ; however, it has been suggested that this effect is pronounced on daily timescales but tends to be less important over longer periods (Brzezinski, 1985) . The results of a cell-cycle-based model of Si metabolism suggested that growth rates at low Si concentrations should be similar under both continuous irradiance and a light:dark cycle (when growth is less than 1 division per day) (Flynn and Martin-Jézéquel, 2000) , which might imply that the initial slope of the Monod curve should be independent of the photoperiod as we suggested for S. minutulus. Our laboratory results for the effect of the photoperiod on silicon limited growth were not as reliable as for temperature. However, without placing too much emphasis on the result, we think that the species-specific effect of the photoperiod on silicon limited growth kinetics is similar to the effect of temperature.
Van Donk and Kilham (Van Donk and Kilham, 1990 ) postulated that K is relatively constant over temperature for the nutrient for which a particular species is a good competitor, but our results tend to contradict this. In N. acicularis, a poorer competitor for silicon but a good competitor for phosphorus, K for Si-limited growth did not change with temperature but the half saturation coefficient of P-limited growth decreased significantly; Shatwell et al., submitted for publication. In contrast, for S. minutulus, a good competitor for Si but a poor competitor for P, we observed that K for Si-limited growth increased with temperature, but the half saturation coefficient for P-limited growth was relatively constant. We suggest that the type of interaction between nutrients and physical factors reflects more the environmental niche of a species such that its competitive ability under nutrient limitation is relatively greater at the ambient conditions for growth. Thus, according to the measured kinetics, cold-adapted S. minutulus is less influenced by Si or P limitation at low temperatures, but N. acicularis, which appears at the end of spring, is less influenced at higher temperatures. This is supported by the results of competition experiments under Si-limitation (this study) and P-limitation (Shatwell et al., submitted for publication) because the competitive ability of N. acicularis always increased relative to S. minutulus with increasing temperature and photoperiod regardless of whether it was the weaker or stronger competitor. Similarly, a decrease in temperature and photoperiod combined with silicon limitation favoured centric diatoms in Lake Müggelsee (this study), whereas an increase in light and photoperiod combined with P limitation favoured pennate diatoms . Accordingly the R* we calculated here for S. minutulus under silicon limitation was low and invariant with temperature, whereas it decreased with increasing temperature in N. acicularis, thus increasing its competitive ability relative to S. minutulus at higher temperatures. In the competition experiments in semicontinuous culture, there was some evidence that the uptake rate of silicate is important for competitive ability when the nutrient supply is not constant. Silicate uptake is not continuous but restricted to certain parts of the cell cycle in diatoms (Brzezinski et al., 1990; Martin-Jézéquel et al., 2000; Thamatrakoln and Hildebrand, 2008) so that actual uptake rates may be much higher than predicted by the Monod model and the half-saturation coefficients for uptake may be much higher than K for growth (Brzezinski, 1992; Flynn and Martin-Jézéquel, 2000; Martin-Jézéquel et al., 2000; Leynaert et al., 2009 , simulations at this concentration with Monod kinetics and the lower K values than for uptake predicted that the two species only competed for silicate for a short time between dilutions and were otherwise growing near maximally or were stationary. The simulations at 15 mmol Si L 21 with Monod kinetics probably more closely reflected the actual competition in the experiments. We think it is unlikely that the base model of nutrient replete growth is inaccurate because it has described growth rates of these strains in the past very accurately Shatwell et al., 2012; submitted for publication).
Implications for lakes
One question that remains is whether these interactions play a role in phytoplankton dynamics in situ. Our results indicate that if the initial slope of the Monod curve is high and independent of temperature and photoperiod, as we found for S. minutulus, then the interaction between silicon and temperature or photoperiod effectively represents Liebig's Minimum Law under typical spring conditions. This would indicate that S. minutulus could grow during spring practically without silicon limitation until growth ceases abruptly when silicate is almost completely depleted. Based on data from Lake Müggelsee, these periods are likely to be only of short duration. We assume that this applies to Stephanodiscus sp. in general. The regression analysis of data from Lake Müggelsee showed that centric diatoms, which are early spring species (Sommer et al., 1986 (Sommer et al., , 2012 and thus adapted to low temperatures and short daylengths, were strongly favoured by low Si:P, low temperature and short photoperiods [equation (5)]. A Liebig's Minimum type of interaction for centric diatoms, in particular the dominant Stephanodiscus neoastraea, would increase their competitive ability at combined low temperature and low DSi, which was clearly supported by the field data. Lower silicon levels can also arrest spring diatom growth earlier (Thackeray et al., 2008; Meis et al., 2009; Feuchtmayr et al., 2012) when temperatures and daylengths are also lower, which probably contributed to these observations in Lake Müggelsee. However, our results showed that the timing of the diatom peak was not an important predictor of the biovolume of centric diatoms. The statistical relation for the biomass of pennate diatoms suggested that, in addition to the physical factors, other factors were important for the dynamics of this group, notably the start population size and grazing. The positive relationship between grazers and pennate diatoms probably indicates bottom up control of this group rather than top down control by grazers. The relationship with grazers was stronger for pennate diatoms than for centric diatoms probably because pennate diatoms and cladocerans are adapted to higher temperatures (Sommer et al., 1986) , and centric diatoms peak earlier at lower temperatures and under silicon limitation Thackeray et al., 2008; Feuchtmayr et al., 2012) . This also concurs with results that show that grazing is stronger in warm springs with high Si:P ratios (Huber et al., 2008; Shatwell et al., 2008) .
If, in contrast to Stephanodiscus sp., species adapted to higher Si:P have a broader interaction range because K does not vary with temperature or photoperiod, as we postulated for N. acicularis, then these species are likely to be more strongly silicon limited at lower temperatures and for longer periods during spring, which, as the data suggested, can last up to several weeks in Lake Müggelsee. This applies even more so to phytoplankton with relatively high K values, like Synedra sp. (Tilman et al., 1981; Kilham, 1984; Kilham et al., 1986) , the dominant pennate diatom in Lake Müggelsee. In Windermere, the peak abundance in spring of Asterionella formosa, which has a higher K value than we measured for N. acicularis (Tilman et al., 1981; Van Donk and Kilham, 1990) , almost always coincided with silicate concentrations falling below a threshold of 0.5 mg L 21 (18 mmol L 21 ) (Thackeray et al., 2008) , which is somewhat higher than what we estimated as limiting concentrations for N. acicularis of around 10 mmol L
21
. Altogether, although silicon limitation is often restricted to short periods during spring diatom growth, the interactive effects of physical factors like temperature and photoperiod seem to play a role in shaping the diatom community when Si:P ratios are low, as demonstrated by laboratory kinetic data, competition experiments and field data. Our experiments suggest that the main mechanism for this is a high silicon-limited growth efficiency that is independent of temperature or photoperiod in species adapted to low Si:P ratios. We assume that similar interactions with physical factors and other nutrients like P or N might play an equally or more important role. A warmer climate may lead to warmer water, decreased inflows and longer residence times with accompanying eutrophication effects (Schindler, 2009) . At the same time, silicate inputs may decrease due to the lower inflows and decreased weathering in the catchment (Schindler et al., 1996; Schindler, 2006) , which should increase the importance of silicon as a nutrient and possibly decrease Si:P and Si:N ratios. Understanding the species-specific interactions between growth factors will help increase our understanding of phytoplankton diversity and improve prediction of dynamics, including the complex combined effects of climate and trophic change.
AC K N OW L E D G E M E N T S
We thank Marion Kaulfuß for help in algae cultivation, Antje Lüder for assistance with silicon measurements as well as Thomas Hintze and Ursula Newen for technical assistance with the chemostats. We are grateful for the helpful comments of three anonymous reviewers.
F U N D I N G
T.S. was supported by a Nachwuchsförderungsgesetz (NaFöG) grant from the federal state of Berlin.
